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Further available data[7,8] where Eq. [1] may be valid
have not been considered in this article. Here, it should be
noted that not all overaging data could be expected to fit into
this equation. This is thought to be due to interactions with
mechanism(s), other than coarsening, e.g., the disappearance,
dissolution, and change of metastable phase precipitates.
While the simple theories and their application presented in
this article apply only for overaging, further analysis along
these lines may provide a useful basis for general modeling
of the precipitation hardening process.
This article has shown that, on a basis of good correla-
tion with published test results, a very simple mathematical
description can be used to describe the overaging kinetics
for a number of aluminum alloys. The approach provides a
quantitative framework for understanding overaging, which
is one of the key phenomena that these alloy systems rely
on and is highly important in transport technology. In con-
trast, the Shercliff/Ashby model,[9] which describes the entire
aging curve, is more complex to apply.
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Casting of Aluminum-Based Wrought
Alloys Using Controlled Diffusion
Solidification
DEEPAK SAHA, SUMANTH SHANKAR,
DIRAN APELIAN, and MAKHLOUF M. MAKHLOUF
Aluminum-based alloys containing elements such as silicon,
copper, magnesium, and manganese are widely used in
domestic, automotive, and aerospace applications. These
alloys are broadly classified into two groups: casting alloys
and wrought alloys. The latter group of alloys cannot be
used in the as-cast condition because they develop hot tears
during solidification and are shaped by rolling, drawing,
forging, etc. Of the two groups of aluminum-based alloys,
the wrought alloys are the most widely used in aerospace





Fig. 2—(a) Vickers microhardness and (c) Rockwell hardness as a function
of aging time for the Al-Zn-Mg-Cu monolithic alloys with various Mg contents
and their corresponding Al-Zn-Mg-Cu/Al2O3 metal matrix composites aged
at 120 °C[6] and plots of 
H3 vs aging time of the Al-1.23 pctMg-1.64 pct
Cu-6.15 pct Zn (wt pct) alloy using (b) Vickers microhardness and (d) Rock-
well hardness with the data points in (a) and (c), respectively, in the overaging
sections when the hardness reduces. The legends in (a) and (c) describe dif-
ferent compositions of Mg, but only the alloy with 1.23 pct Mg is studied
in (b) and (d), because it demonstrates an overaging kinetics.
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applications because of their superior properties, particularly
their high strength to weight ratio and their resistance to cor-
rosive environments. In many instances, however, it would
be economically advantageous to cast wrought alloys directly
into near-net-shape components. One of the biggest problems
in the casting of these alloys has been the formation of hot
tears during solidification. Hot tears are brittle interdendritic
fractures that initiate during solidification of castings.[1] Quan-
titative details regarding hot tears, particularly analytical
models that incorporate the details of hot tear formation, are
only now beginning to emerge. Nevertheless, it is generally
accepted that hot tears originate due to the inadequate per-
meability of the dendritic network for the flow of the inter-
dendritic liquid to occur, as well as the lack of strength of
the dendritic network during the early stages of solidification.
Consequently, alloys with large solidification ranges, higher
eutectic liquid content, and large as-cast grain size are more
prone to hot tearing than others, and adjustments to alloy
constitution or casting procedure that favorably change the
effects of these characteristics may minimize the tendency
of the alloy toward hot tearing during casting.
A novel and easy to employ method has been devised to
allow casting of wrought alloys. The method is based on
the concept of diffusion solidification that was introduced by
Langford and Apelian in 1980[2] and later employed by Saha
et al. in the processing of Al-Si semisolid hypereutectic Al-
Si alloys.[3] The difference between conventional solidifica-
tion and diffusion solidification can best be explained with
the aid of Figure 1.* During conventional solidification, as 
*Although a binary alloy is considered in this illustration, the concept
extends to multicomponent alloys.
the alloy solidifies and its temperature drops, its composition
changes down the iso-concentration line. Partitioning occurs,
and two phases form, namely, a solute-depleted solid phase
and a solute-enriched liquid phase. In this case, solidification
time depends on the rate of heat extraction from the liquid. In
contrast, during diffusion solidification, two phases, namely,
a solute-rich liquid phase and a solute-depleted solid phase,
both held at the same temperature (i.e., both on an isothermal
line in the phase diagram), are brought into contact with one
another so that solute diffuses down the solute concentration
gradient from the liquid phase to the solid phase. Solidifica-
tion proceeds as the liquid loses solute and therefore depends
on the rate of diffusion of the solute atoms. Consequently, in
diffusion solidification, solidification time is independent of
the size of the casting.
Controlled diffusion solidification (CDS) relies on mixing
two precursor liquid alloys of precisely controlled chemistry
and temperature in order to produce a predetermined alloy
composition. The final temperature of the resultant alloy is
aimed at a temperature that is a few degrees below its liq-
uidus temperature, and therefore contains some fraction solid
that allows fast, copious nucleation of the solid phase from
the liquid phase. Consequently, the resultant alloy solidi-
fies over a short temperature range and has a nondendritic
microstructure that minimizes its tendency toward hot tearing
and makes it more amenable to casting operations, rather
than the predominantly dendritic microstructure that is typ-
ical of conventionally cast alloys. Because the resultant alloy
solidifies over a short temperature range, the CDS process
is most suited to die-casting operations where the residence
time of the alloy in the shot sleeve* is less than 5 seconds. 
*The shot sleeve of a die-casting machine is where a “shot” of alloy is
poured before it is pushed under high pressure into the die cavity.
The average cooling rate in the shot sleeve of a typical cold
chamber die casting machine is 2.5 to 3 °C/s, and since most
wrought alloys have a coherency temperature that is 7 to 10 °C
below the liquidus temperature, the alloy begins to stiffen
after 2 to 3 seconds in the shot sleeve. Given the high pres-
sures involved in die-casting operations, a melt under these
conditions should easily flow and fill the die cavity. It should
be noted, however, that the CDS method is not restricted to
die-casting operations. Making use of the thermal insulating
characteristics of sand and foam together with strategically
located heaters in the mold will allow wide operation win-
dows for permanent mold, sand mold, and lost foam-casting
processes.
The following paragraphs demonstrate the CDS method
in the production of various wrought aluminum-based alloys.
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(a)
Fig. 1—Schematic phase diagram of a binary alloy illustrating (a) con-
ventional solidification and (b) diffusion solidification. In (a), liquid alloy
of composition X solidifies from temperature T1; partitioning occurs dur-
ing solidification leading to segregation of the solute (note that the resul-
tant solid phase has the average composition X). In (b), an amount fs of
a solid alloy of composition Cs at temperature T1 is mixed with an amount
fL of a liquid alloy of composition CL also held at T1 such that fsCs 
fLCL  X.
(b)
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The CDS method was used to cast 2014 alloy having the
following nominal composition:
Cu (Wt Pct) Minor Elements* Al
4.4 2.0 remainder
*Predominantly Si, Mg, and Mn.
Table I shows the chemical analyses, weight fraction, and
temperature of the precursor liquid alloys.
Precursor liquid alloy 1 and precursor liquid alloy 2 were
poured in a crucible and allowed to mix naturally while they
air-cooled. The chemistry of the resultant solidified alloy was
measured using spark emission spectroscopy, and the micro-
structure of polished metallographic samples taken from the
solidified alloy was examined using optical and scanning
electron microscopy. These characteristics of the alloy were
2176—VOLUME 35A, JULY 2004 METALLURGICAL AND MATERIALS TRANSACTIONS A
Table I. Chemical Analyses, Weight Fraction,
and Temperature of the Precursor Alloys Used 
in Casting 2014 Alloy via CDS
Chemical Precursor Liquid Precursor Liquid
Analysis Alloy 1 Alloy 2*
Cu (wt pct) 33 —
Al (wt pct) 67 98
Liquidus temperature (°C) 548 660
Weight fraction 0.14 0.86
Temperature (°C) 550 665
Liquidus temperature of
2014 alloy (°C) 648
Maximum temperature of
resultant alloy (°C)* 646
*Precursor liquid alloy 2 is commercially pure aluminum. It contains
the following impurities: 0.5 to 0.8 wt pct Fe, 0.1 to 0.5 wt pct Mn, and
0.5 to 0.8 wt pct Si.
(a)
(b)
Fig. 2—(a) Schematic illustration of the CDS method, (b) optical image of the solidified structure, and (c) backscattered scanning electron microscope
image of the solidified structure.
(c)
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compared to the corresponding characteristics of standard,
conventionally cast and air-cooled 2014 alloy.
The measured chemistry of the alloy produced via CDS was
as follows:
Cu (Wt Pct) Minor Elements* Al
4.57 1.5 balance
*Predominantly Si, Mg, and Mn from commercially pure aluminum.
Figure 2 shows a schematic illustration of CDS as well as
the microstructure of 2014 alloy produced via CDS. In con-
trast, Figure 3 shows the microstructure of 2014 alloy cast in
a ceramic crucible with a superheat of 50 °C. Notice that the
morphology of the -Al grains in the casting produced via
CDS is predominantly globular and that very few, if any, den-
drites are observed throughout the microstructure. It should
also be noted that the interdendritic liquid in the alloy pro-
duced via CDS is dispersed throughout the microstructure and
envelopes the globular -Al grains. Figure 4 compares the
microstructure of 2014 alloy castings produced via CDS to
the microstructure of 2014 alloy castings made in a steel mold
using conventional casting methods solidified at different cool-
ing rates and having different initial superheats. In contrast
to the castings made using the conventional casting method,
which contain numerous -Al dendrites, -Al dendrites are
absent in the castings produced via CDS for all three cool-
ing rates. Figure 5 compares cross-sectional views of the
microstructure for castings produced via CDS to those of 2014
alloy castings poured in a steel mold using conventional cast-
ing methods. The extent of “piping,” as indicated by the
depression at the top surface of the castings, should be noted.
The improved liquid feeding characteristics in the casting pro-
duced via CDS can clearly be seen (Figure 5), and one can
note the reduced shrinkage, better feeding, and improved yield.
Similarly, CDS was used to cast 5056 alloy, which has
the following nominal composition:
Mg (Wt Pct) Mn (Wt Pct) Cr (Wt Pct) Al
5.0 0.12 0.12 balance
Table II shows the chemical analyses, weight fraction, and
temperature of the precursor liquid alloys.
The measured chemistry of the alloy produced via CDS
was as follows:
Mg (Wt Pct) Mn (Wt Pct) Cr (Wt Pct) Al
4.8 0.15 0.02 balance
Figure 6(a) shows the microstructure of the casting pro-
duced via CDS, and Figure 6(b) shows the microstructure
of 5056 alloy cast using conventional casting methods.
Notice that, similar to the 2014 casting produced via CDS,
the morphology of the -Al grains in the CDS cast 5056
alloy is predominantly globular. It should also be noted that,
similar to the 2014 alloy cast via CDS, the interdendritic
liquid in the 5056 alloy cast via CDS is dispersed through-
out the microstructure and envelopes the globular -Al
grains. The microstructure of 5056 alloy cast via CDS, com-
pared to the 5056 alloy cast in a ceramic crucible with a
15 °C superheat, shows a predominantly nondendritic
microstructure.
Again, similar to the 2014 and 5056 alloys, CDS was
used to cast 7050 alloy, which has the following nominal
composition:
Zn (Wt Pct) Mg (Wt Pct) Cu (Wt Pct) Al
6.2 2.2 2.3 balance
Compared to 2014 and 5056 alloys, 7050 is a complex
alloy with several alloying elements, and thus, there are
many possibilities for precursor liquid alloys that can yield
the 7050 alloy chemistry. Table III shows one possible set
of chemical analyses, weight fraction, and temperature of pre-
cursor liquid alloys.
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Fig. 3—Micrographs of 2014 wrought alloy in the as-cast condition, sam-
ples cast with 50 °C superheat: (a) optical image of the final solidified
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Fig. 4—Representative microstructures at various positions in the wedge mold for 2014 alloy cast using traditional method with varying degrees of super-
heat, and cast using the CDS method: (a) schematic of the wedge mold and cooling rates obtained at different depths, (b) 2014 alloy poured with 50 °C
superheat, (c) 2014 alloy poured with 5 °C superheat, and (d ) 2014 alloy produced using the CDS method.
The measured chemistry of the alloy produced via CDS
was as follows:
Zn (Wt Pct) Mg (Wt Pct) Cu (Wt Pct) Al
6.7 2.2 2.5 balance
Figure 7(a) shows the microstructure of the alloy produced
via CDS, and in contrast, Figure 7(b) shows the microstruc-
ture of 7050 alloy conventionally cast in a ceramic crucible
with a superheat of 15 °C. It should be pointed out that simi-
lar to 2014 and 5056 alloys produced via CDS, the morphol-
ogy of the -Al grains in the 7050 alloy cast via CDS is
predominantly globular and few dendrites are observed in the
microstructure. Similar to the 2014 and 5056 castings produced
via CDS, the interdendritic liquid in the 7050 alloy cast via
CDS is dispersed throughout the microstructure and envelopes
the globular grains.
While the preceding examples demonstrate the CDS method
for the production of wrought aluminum-based alloys belong-
ing to the 2xxx, 5xxx, and 7xxx series, the technique is simi-
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Fig. 5—Pipe formation in castings poured in the wedge mold shown in Fig. 4: (a) 2014 alloy cast using the CDS method, (b) 2014 alloy melted and cast
with 5 °C, and (c) 2014 alloy melted and cast with 50 °C.
(a) (b) (c)
Table II. Chemical Analyses, Weight Fraction,
and Temperature of the Precursor Alloys Used 
in Casting 5056 Alloy via CDS
Chemical Precursor Liquid Precursor Liquid
Analysis Alloy 1 Alloy 2
Mg (wt pct) 35 —
Al (wt pct) 65 98
Liquidus temperature (°C) 451 660.7
Weight fraction 0.14 0.86
Temperature (°C) 445 665
Liquidus temperature of
5056 alloy (°C) 636.8
Maximum temperature of
resultant alloy (°C) 638
larly applicable to all standard wrought alloys, as well as to
the production of nonstandard alloys. Finally, it should be
mentioned that wrought alloys have been previously success-
fully cast with globular microstructure using semisolid metal
processing techniques;[4,5,6] however, the CDS method des-
cribed in this article is much simpler to implement than semi-
solid metal processing techniques—whether they are thixo-
casting or rheocasting techniques.[7–10] Moreover, it is well
documented that the use of grain refiners can reduce the ten-
dency of some Al-based alloys to form large dendrite clusters
during solidification.[11] It is important to note that the CDS
method accomplishes the same task efficiently without the
additional cost of grain refiners. In summary, CDS is a viable,
economical route to casting aluminum-based wrought alloys
into near-net-shaped components. In addition to the enhanced
mechanical properties commensurate with the chemistry of
these alloys, the castings produced have a microstructure akin
to that of semisolid processed materials with all its associated
benefits. Major attractions of the CDS process are its sim-
plicity, and the fact that only minimum changes to conven-
tional casting operations are needed in order to adapt an
existing operation to the production of castings comprised of
wrought alloys. Equally attractive is the significant energy
savings attained from the application of this technology. More-
over, the CDS method is adaptable to pressureless casting
operations as well as to lost foam-casting operations, and cast-
ing operations in permanent and sand molds with minimal
pressure assistance.
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(a)
(b)
Fig. 6—Cast microstructures of 5056 alloy: (a) cast using CDS and air-
cooled in crucible, and (b) cast using the conventional method in a ceramic
crucible with 15 °C superheat and air-cooled in crucible.
(a)
(b)
Fig. 7—Cast microstructures of 7050 alloy: (a) cast using CDS and air-cooled
in crucible, and (b) cast using the traditional method in a ceramic crucible
with 15 °C superheat and air cooled in crucible. Two dendrites are high-
lighted for better visualization and to demonstrate the dendritic nature of
the microstructure.
Table III. Chemical Analysis, Weight Fraction,
and Temperature of the Precursor Alloys Used 
in Casting 7050 Alloy via CDS
Chemical Precursor Liquid Precursor Liquid
Analysis Alloy 1 Alloy 2
Cu (wt pct) 24 —
Mg (wt pct) — 2.65
Zn (wt pct) — 7
Al 76 balance
Liquidus temperature (°C) 589 634
Weight fraction 0.10 0.89




resultant alloy (°C) 628
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